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In world practice of pipeline joints, dismountable and permanent joints are being applied. Traditionally, engineering systems of steel pipes are connected using threaded or welded joints. However, threaded joints are rather expensive and labor-consuming in the restorative repair of pipelines. Technology of pipe welding also has some disadvantages; for example, welding in the joint zone decreases pipe corrosion resistance and, when welding pipes with inner polymer coating, charring occurs in the joint zone and consequently, the effect of anticorrosion protection is violated. From a safety viewpoint, it is necessary to take into account that the welding process is accompanied by open firing, which is unacceptable for the repair of pipelines transporting explosive and fire-hazardous media. Thermally shrinkable thermoplastic couplings and fittings are widely applied for polyethylene and polypropylene pipelines. However, they cannot be used in the case of pipes made from thermosetting polymers and other versatile materials, which necessitates the use of other reliable and efficient technologies of pipeline joints.
Out of the known technological solutions, it is the most feasible and topical to use adhesive technologies. The wide application of engineering adhesives in aircraft, rocket, and ship building; instrument making; oil and gas industry; construction; and other branches of industry is explained by a number of significant advantages of such technologies compared to traditional joint methods. The most important of these merits is the possibility of producing power joints of modern constructions that efficiently operate under complex service conditions. The following main types of adhesive joints of pipelines exist: a joint with sliding clutch, slip, socket, and cone joints [1, 2] . A number of constructive solutions in adhesive bonding technology of differing complexities have been developed on the basis of these types of adhesive joints. The simplest of these joints is a sleeve joint. However, this type of joint, along with its captivating simplicity, possesses a number of disadvantages that do not guarantee sufficient reliability in pipeline service.
Based on the analysis of the known constructive solutions and the results of research on the modification of epoxy polymers (EPs) and bonding technologies [3], we developed a more technological bonding method for polyethylene pipelines [2], i.e., a foam epoxy adhesive was used for the bonding of substrates (pipe and glassreinforced plastic coupling) [4] . However, even this method does not allow us to substantially increase the strength of adhesive joints due to the insufficient cohesive strength of a cured polymer foam layer.
The next, essentially new, step in pursuing these studies was the idea of using thermally shrinkable couplings (TSCs) made of thermosetting plastics as compared to TSCs from thermoplastics. Couplings made of thermosetting materials are characterized by higher strength compared to those made from thermoplastics, higher polarity and adhesion to polar substrates. To realize this technological problem, we synthesized modified epoxy polymers and developed a method for bonding polyethylene pipes with the use of thermosetting materials possessing thermal shrinkage [5] [6] [7] [8] .
The essence of this method is as follows: the TSC with preliminary deposited adhesive is gradually mounted on the edges of bonded metal or polymer pipes. Then, the joint is heated in two stages synchronized in time; the first stage is the heating for coupling shrinkage; the second stage (at a rise in temperature by 10-20 ° C) is the curing of the adhesive layer [5] [6] [7] .
POLYMER SCIENCE Series C Vol. Note that epoxy oligomers for preparing TSCs [7, 8] have rather complex compositions whose components were produced at the pilot plant in limited amounts (Donetsk, Ukraine). It is the restricted scope of raw materials that makes it necessary to develop new epoxy oligomer compositions and polymers on their basis [9, 10] .
Moreover, using experience in the modification of epoxy polymers to control stress-strain characteristics, it was necessary to develop the assortment of TSCs and epoxy adhesives providing the possible adhesive bonding of different materials in various combinations (steel, bronze, aluminum, cast iron, plastic, ceramic, glass, etc.) on the basis of epoxy polymers with a fairly wide interval of glass-transition temperatures T g (from 50 to 125 ° C) and a reserve of deformation in the rubbery state (from 10 to 80%).
Various epoxy rubbers (EK-1, EK-2, and EK-3) were used as modifiers of bisphenol A-based epoxy oligomers; the curing was performed with amine and anhydride curing agents (OT-1, OT-2, and OT-3) according to a stepwise regime [11] [12] [13] [14] .
The TSCs were prepared using designed and produced technological tools: sectional mold for injection and curing of compositions and gadgets for their burnishing by a mandrel [14, 15] . The technology of imparting the effect of shape memory to couplings is as follows: after removing the coupling from the mold, the coupling was heated in organosilicon liquid to the temperature exceeding T g by 5 ° C, burnished by mandrel at the rubbery state, and, after cooling below T g , it was removed in a rubbery state from the mandrel (Fig. 1) .
Tests were performed on a unit equipped with a specially designed and produced device that allows for the mounting of TSCs and stressing with axial compressing force and radial internal pressure, as well as for the mounting of clock-type indicators for measuring axial and circular deformations [16] .
Results obtained [13, 14] demonstrated that the strength and stress-strain characteristics of polymer couplings can be varied within wide ranges of their values by changing the composition of epoxy oligomers and curing systems (Figs. 2, 3) .
The analysis of test results enabled us to determine optimum content of epoxy rubbers within the range from 15 to 20% depending on the type of rubber.
An important prerequisite for providing the strength of adhesive joints is the selection of adhesive. We tested two variants of epoxy adhesives [12] that ensure the possibility of successive curing after the temperature shrinkage of coupling during the stepwise curing. These variants are (i) for adhesive 1, 60 ° C, 15 min (shrinkage) at 80 ° C, 0.5-1.0 h (curing); and (ii) for adhesive 2, 100 ° C, 15 min (shrinkage) at 120 ° C, 0.5 h (curing).
Coupling-adhesive joint was studied [16] in the form of a pipe-adhesive-coupling three-dimensional structure (Fig. 4) . We determined the length and thickness of the couplings under the condition of equal strength of the joint and pipe.
In order to strengthen the coupling-adhesive joints, we considered a number of construction variants and EK-1 EK-2 EK-3 Fig. 2 . Dependences of glass-transition temperature T g on the content of ( 1 ) EK-1, ( 2 ) EK-2, and ( 3 ) EK-3 rubbers and the type of curing agents. Curing agents: OT-1 is iso-MTHPA, OT-2 is TETA, and OT-3 is UP-583D. Rubbers: EK-1 is PDI-1K, EK-2 is PDI-3A, and EK-3 is PEF-3AG.
OT-1 OT-2 OT-3
